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by A. Snyder, M. R. Lauver, and R. W. Patch 
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ABSTRACT 

Further hot-ion plasma experiments were conducted ^n the SUMMA super- 
conducting magnetic mirror facility. A steady-state ExB plasma was formed 
by applying a strong radially inward dc electric field between cylindrical 
anodes and hollow cathodes located near the magnetic mirror maxima. Ex- 
tending the use of water cooling tV the hollow cathodes, in addition to 
the anodes, resulted in higher maximum power input to the plasma. Steady- 
state hydrogen plasmaS with ion KXhexic temperattrres as high aa B3D eV 
were produced. Functional relations were obtained empirically among the 
plasma current, voltage, magnetic flux density, ion temperature, and rela- 
tive ion density. The functional relations were deduced by use of a mul- 
tiple correlation analysis. Data were obtained for midplane magnetic 
fields from 0.5 to 3.37 tesla and input power up to 45 kW. Also, initial 
absolute electron density measurements are reported from a 90° Thomson 
scattering laser system. 


PARAMETKIC DEPENDENCE OF ION TEMPERATURE AND RELATIVE 


DENSITY IN THE NASA LEWIS SUMMA FACILITY 
by A. Snyder, M. R. Lauver, and R. W. Pacch 
Lewis Resear cb Center 


SUMMARY 

Further hot-ion plasma experiments were conducted in the NASA Lewis 
SUMMA facility. A steady-state plasma discharge was formed by applying 
a radially inward dc electric field of several kilovolts near the mag- 
netic mirror maxima. Results are reported for a hydrogen plasma covering 
a wide range in raidplane magnetic flux densities from 0.5 to 3.37 tesla. 
Input power y^reater dian 45 kW was obtained with water-cooled cathodes. 
Steady-state plasmas with ion kinetic temperatures from 18 to 830 eV were 
pTudneed and mea&ured speetroscopleally^ The functional dependence among 
the plasma current, electrode voltage, midplane magnetic flux density, 
ion temperature, and relative ion density were determined using a mul- 
tiple regression analysis. The most satisfactory correlations were ob- 
tained by correlating ion temperature and relative ion density with cur- 
reilt, voltage, and magnetic flux density as the independent variables. 
Preliminary absolute electron density measurements were made using a laser 
Thomson scatterinig; apparatus . The measured electron densities ranged 
from 2.1x10^^ to 6 . 8 xl 0 i 2 i/cm^. 


INTRODUCTION 

Thisl report presents additional results of hot-ioft plasma experi- 
ments in f'he Superconducting Magnetic Mirror Apparatus (SJMMA) at the 
NASA Lewis Research Center (LeRC) (refs. 1 to 3). SUMMA has two pairs 
of solenoidal magnet modules serving as mirrors for plasma fusion studies. 
For this report only the two inboard magnet moduies ifare used. The maxi- 
mum magnetic flux density was 5.0 tesla at the mirrors, and the mirror 
ratio was 1.48. ^ A steady-state plasma was formed by applying a radially 
inward dc electric field of several kilovolts per centimeter to water 
cooled electrodes near the throats of the mirrors. Tlie mutually perpen- 
dicular electric and magnetic fields_cause the electrons and ions of the 
plasma to drift azimuthally, in the ExB direction. The drift velocity 
corresponds to an ion energy as high as several kilovolts . In previous 
experiments conducted in SUMMA with this .plasma heating method, ion tem- 
peratures of about 1 keV were obtained with hydrogen gaS (refs. 2 to 4). 

This report presents the results of a study of the effect of the in- 
dependent parameters of gas flow (or electric current), voltage, and mag- 
netic field strength on ion temperature and relative ion density. The 
ion temperatures and relative densities were derived from Doppler- 
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broadened optical monochromator data taken along a diameter of the plasma 
beam. 


For the first tiir^ at Lewis, ion tempfe\ratures and relative ion densi- 
ties are reported for the low resistance plasma mode as well as the high 
mode. A single power law of current, voltage, and magnetic field strength 
(IVB) correlated all of the temperatures and another correlated all of the 
densities. A few electron temperatures (not previously reported) were ob- 
tained in the similar Lewis mirror apparatus HIP-1. They are presented, 
without IVB correlation, to reveal that the two plasma nr>des may have dif- 
ferent electron heating mechanisms. 

The f;Lrst determinations of absolute ion density in SUMMA by a 
Thompson scattering laser apparatus are presented. 

All of the electrodes were water-cooled for the first time in SUMMA - 
previously the cathodes had been uncooled. As a result, the plasma was 
reproducible for periods of minutes at 20 kW or more of input power. 

data were taken with hydrogen with a single configuration of 
water-cooled elec^.rodes. - 

APPARATUS 

The SUMMA facility was constructed at NASA Lewis Research Center to 
develop a source of hot-ion plasma for thermonuclear research use. The 
facility is operated from an adjacent control room. The magnets and test 
section have been previously described (refs. 1 to 4). 


Plasma Test Section 

/ t) 

A schematic view of the plasma test section and magnets is shown as 
figure 1. The test section or discharge chamber is a cylinder 3.75 m in 
length and 36.6 cm in diameter. The walls and ends are made from type 304 
stainless steel. Two 25.4 cm diffusion pijmps provide a base pressure of 
5 x 10“7 torr. 


_ Facility Instrumentation 

A pressure regulator and two; remotely operated variable leak valves 
control the mass flow rates to the two hollow cathodes. The inlet gas 
flow meters are read remotely in the control room. 

A schematic of the high voltage circuit to the electrodes is given 
in figure 2. The primary power supplies were in series. They were oper- 
ated up to 22 kV. The high voltage vacuum on-roff switch, was operated re- 
motely froiji the control room. High-voltage-isolated dc current seiisors 
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measured the cathode currents and displayed their values in the control 
room. 

Electrode Assembly 

The electrode geometry is shown schematically in figure 1. A photo- 
graph of the cathode assembly after use is presented in figure 3. A thin 
coating of sputtered metal can be seen covering all parts. The coating 
has the Cr, Ni, Fe composition of the type 304 stainless steel of the 
chamber walls. The electrical resistance of the film-covered insulators 
to ground was megohms even after tens of hours of operation. A schematic 
of the electrode configuration showing the location of magnetic field 
lines is given as figure 4. The raidplane of the water-cooled anodes were 
located at the mirror throats. The cathode tips were outside the mirrors, 
7.6 cm from the anode midplane. 

' Tlydfdg^^ gas flowed along the axis of 1;he eethodes ^ produGing a 
hollow cathode discharge- The boron nitride shields served as uncooled 
refractory electrical insulators to reduce arcing along magnetic field 
lines between cathode and ground points. The water-cooled floating plate 
prote-cted the end walls from bombardment by fast ions and fast neutrals. 

A bell-shaped protector over the vacuum seal and electrical insulating 
porcelain gland reduced the electrical and thermal stress on the gland. 

The bell also shielded the porcelain from deposition of sputtered metal. 

The water-cooled electrodes are the same as those previously used in 
Lewis’ Hot Ion Plasma, magnetic mirror facility (HIP-1) (refs. 3 to 5), 
HIP-1 has copper magnet windings, a mirror ratio of 1.82 and a maximum 
continuous magnetic flux density of about 2^1^ T at the mirrors. The 
test section is similar to SUMMA's and the ExB method of plasma production 
is the same in each. The electrodes, with slight dimensional modifica- 
tions , are interchangeable between the two facilities . , 

The water-cooled electrodes, except for the stainless steel cathode 
stems, were fabricated of copper. To minimize sputtering from their sur- 
faces, those exposed to energetic plasma were coated with tungsten by a 
commercial plasma flame spraying process. The water-cooled floating 
plates and the uncooled stainless steel bell protectors for the ceramic 
glands were also coated with flame-sprayed tungsten. 

PLASMA DIAGNOSTICS 
Optical Spectroscopic Diagnostics 

Exper imen t al arrangement . - The emission spectroscopy apparatus for 
determining ion temperature and relative ion density is shown in figure 5 , 
It was located at the test-section midplane and viewed the plasma perpen- 
dicular to the magnet" axis . The vertical eenterplane (defined as a ver- 
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tlcal plane containing the magnet axis) was focused on the entrance alit 
of the monochromator with a lens. Between the lens and the entrance slit 
the beam was rotated 90“ with a beam rotator consisting of a Pechan prism. 

A stop was provided to reduce the vertical height of the beam. The beam 
cross-section at the vertical centetplane was determined by the size and 
shape of the entrance slit. At this point the beam cross section was 
approximately 2 mm in the vertical direction and 26 mm parallel to the 
magnet axis. An adjustable screw at the base of the monochromator stand 
was used to make vertical scans (fig. 5). For the work reported here the 
monochromator was focused across the centerline of the plasma so the 
quantity y in figure 5 was zero. The grating monochromator employed an 
f/8.6 1/2 m Ebert mounting with curved slits. The reciprocal linear dis- 
persion was 1.6 nm/man in first order. A photomultiplier with extended 
S-20 photoeathode was used for detection. It was magnetically shielded 
and cooled with air that came from a vortex tubs refrigerator. 

Four hundred thirty five ion temperature data points were acquired 
over a 29-day period. The test section window acquired a slight coating 
frcmi the plasma -operation, but therci^ was no indication that the tempera- 
ture deduced from light transmLttedrthtbuglv the window was altered* The 
calculated relative average ion densities, however, were more dependent 
on the total light transmitted through the window. Therefore, these 
densities were calculated only for the last 8 days (277 data points) , 
after a shutter had been installed to minimize window deposits. 

Ion temperature determination . - Observations of the Doppler-broadened 
Balmer line emi.ssion were used to obtain a diametrical average of the 

ion temperature at the midplane. Figure 6 shows a typical line pro- 

file taken in SUMMA. There is an intense narrow component due to elec- 
tronic excitation of cold and Franck-Condon neutrals . The wide component 
was assumed to be due primarily to simultaneous electronic excitation and 
charge exchange by the reaction 

+ R 2 H^(n > 3) + hJ 

where the subscript^ f stands for "fast” and n is the principal quantum 
number. The emission spectrum from Hf(n ■ 3) Is Doppler broadened be- 
cause the H£ has essentially the same velocity as Hence the width 

(or second ^ment) of the wide component of the line was used to ob- 

tain the Hf ion temperature averaged across the midplane diameter. The 
ion temperatures were obtained by the methods described in reference 6 , 
where it was assumed that reaction (I) predominates. Reaction (I) will 
predominate if the plasma is small in size and has a low enough electron 
density (roughly lol^ cm“3 for a 5 cm diameter plasma), and If the follow- 
ing reactions caii be neglected. 

■'A 

\ + H '♦•'Hp(n - 3) + (II) 

i X X 
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H^f + H 2 H^(n - 3) + H(n - 1) + 


H2f + H 


Hj(n - 3) + H 2 


(III) 

(IV) 


Reactions (II) and (IV) can be neglected If the degree of dissocla- 
\tion of H 2 to H is small. In the present experiment H 2 is fed in at the 
cathodes and is also created by recon^ination on the metal walls . Approx- 
imate calculations showed that the mean free path for the disappearance 
of H 2 was the same order of magnitude as the plasma radius. Since H 2 
originates both at the cathodes and at the walls, it was assumed that the 
degree of dissociation to H was small. Reaction (HI) can be neglected 
if the number density of H 2 is much leas than the number density of H'*' 
(Rea^rJIion III has a larger cross section than reaction I (ref. 7)). Both 
fhe:,Sheutral particle spectrometer results (refs. 8 and 2) and an approxi- 
mate composition calculation indicate that is present in this type of 
plasma. The density was estimated to be less than 15 percent of the 
H^=density.^^^^ w eatlmate resulted from a guasl-steady state analysis 
Tirfiich took into account six reaction rates for the production arid dAitruC- 
tion of H^. The neglect of reaction (III) was not investigated further. 


The ion temperature is dependent on ion drift via the line profiles. 
However, no allowance was made for ion drift in determining the Ion tem- 
peratures since no drift or probe data were available. Consequently, the 
ion temperatures are estimated to contain an error of about ±20 percent 
standard deviation (refs, 9 to 11). 

I! , " 

Relative Ion density determination . - The wide component of the Hj^ 
line is also useful for estimating relative ion density N averaged 
across a diameter-at the midplane. In reference 5 it is shown that 

N - (1) 

G/ov) 

wJ^ere A is the area of the wide component on a graph such, as figure 6 , 

G is the gas flow rate (assumed proportional to the neutral number den- 
sity, o is the^ optical charge-exchange cross sectiori^^for v is ion 
velocity, and () means to take an average over velocity space. The 
quantity ^ovV depends only on ion temperature and was calculated using 
cross sections for reaction (I) (ref. 5). 


Thomson Scattering Diagnostics 

'■f 

Experimental arrangement . - A laser Thomson scattering system was 
employed to measure the absolute eleetrOjh defisl=ty at* the center of the 
plasma. | ■ "Y ' ' 
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Figure 7 shows Che arrangement for the scattering diagnostic compo- 
nents. Light from a 10 joule q-switched laser with a maximum repetition 
rate of one shot per minute is passed through a vacuum aperture stop to 
remove uncollimated rays and then, using an 84 cm focal length lens, 
focused to an approximately 3 cm diameter spot at the intersection of the 
test section's axis and midplane. The laser light is polarized with its 
E vector parallel to the test section's axis. Laser light, scattered 
from the free electrons in the plasma, is collected at 90“ to the inci- 
dent li^ht using either a 0.007 or a 0.12 steradian solid angle viewing-' 
system^ Figure 7 shows the 0,007 steradian viewing system. This light 
collection optics system consists of a pair of doublet lenses, a field 
stop, and a third lens positioned as to give a 2.2 cm diameter parallel 
beam of light to a single photomultiplier (PM) tube placed behind a wide 
band transmission filter. The 0.12 steradian optics is similar except 
that the pair of doublet lenses is replaced. All PM tubes, used in this *• 
diagnostic, are EMI type 9658R. The filter has 46 nm full width at half 
maximum centered at 694 nm wavelength. 

The primary laser beam is allowed to enter a dump relying on light 
absorption into sheets of black glass positioned successively at Brewster's 
angle with respect to the axm-ally polariecu^ laset light-. The beam dump is 
shown for illustration purpose in figure 7 rotated 90® from its actual 
orientation. The entrance and exit ports for the primary laser path are 
both completely blackened and baffled. Baffling of the viewing port is 
similarly necessary to reduce the amount of stray light reflecting off 
lnhomogen^.ties in the Viewing lens and entering the collection solid 
angle. Opposite the viewing optics is a viewing dump port designed to 
provide a dark background. The viewing dump port was baffled only when i\ 
employing the 0,007 steradian viewing lens. 

Positioned above the beam dump is a 25 cm diameter integrating 
sphere which collects laser light passed through tb ^ initial sheet of 
black glass. A PM tube mounted to the side of the ince^rating sphere 
monitors a portion of this averaged light. The signal from both the 
scattered light detection PM tube and the monitor PM tube go to separate 
channels of a type 555 Tektronix dual beam oscilloscope. The signal 
traces are- stored on high speed film. 

The PM tubes' electronics circuit governing the dynode voltages are 
desi’gned to insure linear output. A resistive tap switch circuit allows 
independent application of voltage to each PM tube to maintain operation 
in the linear range vdille using a single power supply. The complete 
electronics system was designed and installed having a single point 
ground. The PM tubes are shielded ag^nst magnetic flux by placing them 
inside pair's of concentric cylinders. ‘\).The inner cylinder is made of 
0.1 cm wall p-metal and the outer of 0|)64 cm wall mild-steel pipe. Not 
shown in figure 7 are mechanical shuy^rs placed immediately before the 
entrance lens, viewing lens, «ind beam dump preventing unnecessary exposure 
to the plasmh environment. 
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Calibratioo . - Absolute calibration of the Thomson scattering system 
to determine elecc?<»n density is obtained from Rayleigh scattering In dry 
nitrogen. Figure shows a calibration determined in this manner using 
the 0.12 steradianH viewing lens. Each data point is an average of five 
shots. This calibration was made immediately before making Thomson scat- 
tering measurements. The Rayleigh differential scattering cross section 
for nitrogen (ref, 16) Is 2 . 12 xl 0~28 cm/sr. 


Figure 8 indicates a stray lighf background equal to a Rayleigh scat- 
tered signal from 32 millitorr of nitrogen which la equivalent to a plasma 
free-electron density of 3xl0^2/cm3. In addition to the initial calibra- 
tion, zero pressure (< 10“7 torr) data points were made periodically while 
taking Thomson scattering data to monitor changes in background affray 
light. Variation in the median stray light level over a 6 dy*s run was 
undetectable, with a shot to shot variation of about 10 percent. 


Figure 9 shows a calibration using the 0.007 steradion viewing lens. 
Each data point is for a sinjjle shot. This calibration indicates essen- 
tially no stray light. Similar calibrations are made at each photomulti- 
plier voltage. 

The filter rejection was not taken into account for the density meas- 
urement. This was calculated to be less than 5 percent for electron tem- 
peratures below 35 eV. Electron temperatures of 535 eV were assumed from 
previous data in SUMMA using the helium line ratio technique (ref. 6 ). 


Electron density determination . - The theory of light scattering in 
plasmaa is ^)ell known (ref. 12). The Thomson scatuhrlng characteristics 
are determined by the choice of scattering angle ( 0 ), wavelength of inci- 
dent lasef^ radiation (Xq) , plasma electron density (n^) , and electron tem- 
perature The pertinent characteristic parameter 


a is defined in 


reference 



Xjj sin 6 


( 2 ) 


where is the Debye length given as 



7 .43x10^ 




The SUlfrIA plasma electron temperature and density can be considered as 
being 35 eV and 1x10^3 l/cm^, respectively, for representative calcula- 
tion of a. This gives o “ 0.033 which can be considered much smaller 
than unity. For the case ct « 1, the motions bf the free electrons in 
the plasma are independent aiad result in uncorreiated scattering. The 
total scattered light intensity, is then directly proportional to ‘ 
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the number of scatterers (i.e., free electrons in the plasma) and can be 
expressed as 



where is the propottlonaiity constant depending on the total inci- 

dent radiation power, the scattering length, and the scattering solid 
angle. The quantity (do/dn)xH the differential Thomson scattering 
cross section equal to 7.9A^^P”^® cra^/SR for 90® scattering. Since 
Rayleigh scattering has the i 5 radiation characteristics as Thomson 
scattering, we have 


where (do/dh)j^ is the Rayleigh differential scattering cross section, 
and nj^ is the number of gas molecules per cubic centimeter. The 
quantitl^_ is Che proportionality constant. Since the scattering 
length and solid angle are the same and if we Tiormallse both the Eaylelglv 
and Thomson laser pulses with respect to the monitor signal, we can write 
the electron density as 



The ratio of the differential cross sections can be calculated from their 
known values. As was mentioned in the section on the experimental arrange'- 
raent , the detection system measured the integrated scattered light,'^n tensity 
and produced a linear output. The ratio of the-, intensities is obtained by 
relating the Rayleigh measurements to the elesi:4ron density measurements 
after first subtracting off the stray light contribution. The stray light 
level is readily obtained as shown in the calibration section. The gas 
pressure used for the Rayleigh scattering is measured with an accurate 
secondary standard pressure gage. The electron density Is then determined 
froiii equation (6), • 


DISCUSSION OF RESULTS 

functional Dependence Among Plasma Variables 

The functional dependence among the plaatim variables current I, 
electrode voltage V, midplane magnetic flu3«~:ifiiehsity B, ion temperature 
T, and, relative ion density N was invqht^ijgeted using spectroscopic diag- 
nostics (for T and N} over a wider reJn^^'^of variables than previously 
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(rcL’ts. 4 and 5). Ln particular, B was varied over the much wider range 
of U.5U Lu '3.4U T. Tl’>e number uF runs was also much larger (435). 

Range of variables and general method . - For ion tempsrature 435 runs 
were made. The range of variables covered is given in cable I. The last 
277 of the 435 runs were also used for relative ion density (the mono- 
chrometer shutter, fig. 3, was installed for thesf. last runs). The range 
of variables covered in the last 277 runs is giveit in Cable II. The values 
of ,I were dictated by discharge stability considerations: runs were only 

record^rd for stable operating modes. 

A multiple regression analysis (refs. 13 and 14) was used just as in 
reference 4. The correlations of T and N with G, V, and B as inde- 
pendent variables were not satisfactory. Much better correlations were 
obtained by correlating T and N with I, V, and B as Independent 
variables. The cause of this was unclear, but there nay have been ^veriable 
outgassing of electrodes, shutters, or the test section. 

Fout-tet^~ c6rreiatloRg >^^ approiixiate lurm for four-tenn correla- 

tions was established in j:^/ference 5 as 



b 

D » Cl 
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(7) 


where D is any dependent variable, and C, b 2 , and b^ are con- 
stants. Taking the logarithm to the base of -1C of both sides of equa- 
tion (7) gives 


log D = Bq log I + b 2 log V + b^ log B 

I 

where |)q = log C. The superiority of equation (8) over the form 

l! D « b„ + b,I + b_V + b,B 

If 0 12 3 


( 8 ) 

(9) 


was confirmed in Che present work. Using equation (8) as the regression 
equation but converting the results back to equation (7) gives for ion 
temperature 



,„6.81±0.04 ^0.27±Q.02 „1.53±0.03 „-i.05±0.03 
= 10 I V B 

c 


( 10 ) 


where the tolerances are the standard deviations of the regression coeffi- 
cients, and the subscript c stands for "calculated." In figure 10 the 
calculated ion temperature equation (10) is plotted along the abscissa, 
while observed temperatures are plotted along with ordinate. For a per- 
fect fit, all the points would fall along the 45“ line. 

The exponents in equation (10) are compared with previous investiga- 
tions in table III. Differences in and b 2 are probably due prln- 
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cipaliy to differences in mirror ratios and electrode geome/cry. The wide 
variations in bj are due to ion temperature not being ptoportionnl to a 
power of B for a wide range of B values as will be shown in the next 
section (previous investigations covered narrow ranges of B values). 


Equation (8) was used for relative ion density (obtained from 
eq. (1)) in the same manner as for ion temperature. The result was 


,,,9.66±0.20 ,1.26±0.13 ,,-6.92+0.17 _5. 45+0.16 
>=10 1 V B 

c 


( 11 ) 


for the range of B values from 0.84 to 3.37 T (see table II) . The power 
of 10 is not significant because N^, is relative. Observed against cal- 
culated values of N are plotted in figure 11. The correlation does not 
appear good even on a logarithmic scale. 


A comparison of the exponents in equation (11) 
vestigation is given in table IV. The agreement is poor 


a ^ k Cl V .A. 


This may be 


■ »«» 3 » *■ m ««» - ■■ ^ M ^ ^ A 4% VWA. ^ -O ■ ■ 't -O 

uU ti «u^4.4.wl ^9.w.^vfo oisc ^ w\iw 

probably principally due to the different ranges of I, V, R coverei^ 

The calculations of N are based on assumptions of a small plasma diam- 
eter and low electron density which allow equation (I) to dominate the 
light emission process in the plasma. The plasma diameter is visibly 
many tiroes larger in the low resistance mode than in the high resistance 
mode. Also, the relative density data ate based on the integrated in- 
tensity of a line along the plasma diameter. Both the method of calcu- 
lating N and the way the spectroscopic observations were made limit the 
application of an fit to relative ion density data. 


Multi-term correJ.atlons . - The difficulties in the four- term corre- 
lations were overcome and the correlations greatly improved by using 
multi— term correlations of the form 


log D = b^ + log I + b, log V + b^ log B 

+ log \' log B + b^ log I log B + bg log I log V 
, + b^dog I)^ -f bgClog V)^ + bgdog B)^ + b^Q log I log V log B 
+ b^^Clog I)^ log V + h^^ilog I)^ log B + b ^3 log Klog V)^ 


+ b^^dog V)^ log B + b^g log Klog B)^ + bj^g log V(log B)" 
+ b^^dog I)^ + b^gClog V)^ + bj^gdog B)^ 


( 12 ) 


11 


where all logarithms are to the base 10. Equation (12) Is the most 
general equation with terms up to third order. For each correlation, 
terms except the first that were not statistically significant were dis- 
carded by the backward elimination procedure (ref. 14), The results for 
D equal to T and N, ace given in table V. A dash indicates that the 
corresponding term was discarded. 

Tlie 14-term ion temperature correlation is shown in figure 12. Here 
the abscissa is the calculated temperature obtained from equation (12) by 
letting D = Tg and obtaining values for bo~b ]^5 from table V. The im- 
provement over figure 10 is evident. 

To aid in interpreting the 14-term correlation, crossplots of T^, 
against I, V, and B are presented in figure 13 for the range 

0.3 i I i 2.1 A 

7 5 V 1 20 kV (13) 

0.7 <. B <. 3.1 T ' 

figure 13(a) it is evident that at high voltage and low magnetic 
field , '~«)ends to increase with current until it teaches a maximum. 
Hcwe*4;;i;| for low voltage and high magnetic field T^, is relatively inde- 
pendent of current. 

From figure 13(b), T^. tends to increase with voltage. However, for 
I = 0.3 A and B » 0.7 T, T,. reaches a maximum and is then relatively 
independent of V. 

From figure 13(c), a high enough value of" B will lower T^. For 
V = 20 kV, is a maximum around 1 T, For/ lows* r values of V there 
may be a maximum of T^, for B less than I T. 

For the ranges of equation (13) the standard deviation of regression 
equa-txon (12) is 2.3 to 7.5 percent for T^.. 

The 15-term correlation for relative ion density is shown in fig- 
ure 14 for all the density, data (table II). Here the abscissa is the cal- 
culated ion density obtained from equation (12) by letting D = N^, and 
obtaining values for bQ-b^^g from table VI. The improvement over fig- 
ure 11 is obvious. ■' 

To aid in interpreting the 15-term correlation, crossplots of 
against I,)V, and B are presented in figure 13 for the range 

%.3 111 1.2 A 

7 1 V 1 20 kV (14) 

1 1 B 1 3 T :: 
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From figure 15(a) It may be seen that Ng Is only weakly dependent 
on current. 

According to figure 15(b) , relative ion density decreases as voltage 
increases. 

Figure 15(c) shows tha-£u-at high magnetic fields, Ng increases with 
B. 0 

For the ranges of equation (14) the standard deviation of regression 
equation (12) is 8.6 to 62.4 percent for N^. When it is considered that 
Ng varies over about seven orders of magnitude, 62.4 percent does not 
appear serious. 

Test section pressure . - The test section pres sure|l^ could not be read 
during a plasma discharge because the discharge interfered with the Oper- 
ation of the ion gage. However, with no discharge the pressure was pro- 
portional to G and was given by 

' " ' P = 

where P is the absolute pressure of neutrals in torr, is the gas 
flow rate in standard cm^/sec, and 5x10”^ is the background pressure in 
torr. Hence P varied between 5.1xl0“5 and l.SxlO*"^ torr for the 435 
runs in table I. 

Recommendations for predictions . - Complicated regression equations 
tend not to make valid predictions for independent variables outside the 
range of the data used to determine the regression coefficients. Conse- 
quently, equation (12) may be used for predictions inside the I-V-B 
range of Che data, but equation (]0) or (11), as appropriate, should be 
used for predictions outside the range. 



Current Against Voltage Characteristics of =the Plasma Discharge 

Figure 16 shows schematics of two typical hydrogen discharge C.^^urrent- 
voltage (I-V) curves from SUMMA. The lower curve is typical of operation 
at low gas flow rates and low magnetic field strengths. Increasing the 
gas flow rate or magnetic field strength caused a change to the upper form. 
These curves are the same shapes 3S„ found previously in the HIP-1 appara)tus 
(ref. 5). ,- I 

The u^per curve shows two distinct plasma modes. At low voltages, thb^ 
I-V curve was steep; this is a low-resistance mode of the plasma. The 
curve was almost horizontal at higher voltages , showing a high resistance 
mode. Voltages near to the peak current and somewhat higher formed an un- 
stable plasma regime. Here the plasma discharge developed a low frequency 
unstable operating node in which good data could not be obtained. Opera- 
tion in the unstable region was avoided. 
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On the lower cur, ye, the current remained nearly^^^sonetant as the 
voltage increased. ^ 

The type II curves each had three characteristic voltages as denoted 
by A, B, and C on figure 16. The first measurable current ('•0^01 A) 
appeared at A. The low and high endis of the unstable operating region 
are noted as B and C. These 3 voltagi^s were found to vary with Che mag- 
netic };ield strength. For a midplane "'^^^gne tic field strength of 0.8 T, 
thci values of A, B, and C were approximately 2, 3, and 8 kV, respectively. 
At 2 T, the values were approximately 4, 12, and 16 kV, respectively. 

And at 3.4 T the values were approxinately 5, 17, and 19 kV, respectively. 


The type II curve indicates two plasma "modes," one for voltages less 
Chan B and another for those greater Chan C. The visible flickering and 
large current changes at low frequencies at voltages between B and C are 
supporting evidence that "mode" changes were taking place. 

In past work in .8oF-l and SUMMA, most efforts had been directed to 
achieving high ion temperatures. The highest temperatures were always 
found at the highest vdiiages and dh a" type 1-V Curve , 1 . e; , in the 
high resistance mode. With this background, the high resistance mode has 
been referred Co as the ion-heating mode. 


In the present study, a number of ion temperatures "were taken'aC 
voltages as low as 2.3 kV and on both sides of the unstable region of 
type II curve^.. The ion temperatures at the low voltages were as low as 
18 eV. Unexpec’cedly , these low temperatures had identically the same 
current , voltage , magnetic flux density dependence as the high tem- 

perature data, as was shown. -' lii Che- light bf these findings that all ion 
teraperaturhs from any of SUMMA' s 1-V curves have the same IVB dependence, 
it must be concluded that the safne ion heating mechanism is responsible 
in all plasma modes. It is not proper to consider the high resistance 
mode as a special ion heating 

The average relative ion density in the low resistance mode was cal- 
culated to be up to three or'^four orders of magnitude higher thai: in the 
high resistance (high ion temperature) mode. Overall the calculated rel- 
ative ion densities covered about six orders of magnitude. 

Figure' 17 shows a few electron temperature data points that had been 
taken in HIP-1 but not reported (HIP-1 is a plasma fusion apparatus sim- 
ilar to SUMMA. but with water-cooled copper magnets). Like the ion tem- 
perature and Relative ion density results in SUMMA, they show a disconti- 
nuity across t)he unstable plasma operating region. No statistical corre- 
lations with current and voltage were made. 


\ - 

"U'T 

il . 
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Preliminary Absolute Electron Density Results 

Two sets of preliminary abeolute electron density measurements were 
made In SUMMA using the laser Thomson scattering diagnostic. These sets , 
will be referred to as Set 1, consisting of 19 data points, and Set II, 
consisting of 28 data points. The data comprising Set I were taken while 
operating with a different cathode support and floating plate structure 
than shown in figure 1. Also Set 1 data were taken at a mirror ratio 
<1.52) different than the 1.48 mirror ratio of all other data in this 
report. Set II data were consistent with the spectroscopic data in that 
these measurements were made while operating with the electrode configu- 
ration of figure 1. 

The multiple regression analysis applied to the spectroscopic data 
was used for Set I data with the form given in equation (7). Set I data 

95 T, hence the constant 
reduces to 

^‘b. b.'- ; 

c;, D = Cl \ ^ (26) 

Figure 18 shows the functional relation between the absolute elec- 
tron density and the voltage and current. The niieasured electron density 
ranged from 2.1 xlO^ to 4 xl 0 l 2 cm“^ and is seen to depend almost linearly 
on current while having a slight inverse dependence on voltage. The 
values of V ranged from 4.5 to 2,2.0 kV and I from 0,14 to 3,0 A for 
these data. 

Similar application of the multiple correlation rpaly-sis was not 
possible for Set II measurements for two reasons: (1) Increased plasma 
background noise resulted in greater data scatter, and (2) Set II data 
was restricted almost exclusively to a narrow range in voltage. Table VI 
shows the range of values for the voltage, current, and absolute density 
of Set 11 data. The magnetic field strength was 3,34 T. It should be 
noted that the, 19 kV data point'' is significant: though there was no de- 

tectable background noise at this higher voltage, there was no measurable 
signal at this operating point either. Tlyis indicates electron densi\,y 
may decrease with increasing electrode voltage. Lack of plasma stability 
excluded operation between 8.5 and 19 kV. Other than the singular data 
point at 19 kV, the variation in electrode voltage was over too small a 
range for electron density correlation with respect to this parameter. 
However, the multiple correlation did give a nearly linear dependence of 
electron density with respect to current. This agrees with the result of 
data Set I. , 

The relative ion density correlation shown^^^in figure 11 was not good, 
therefore it would be misleading to make direct cdmparlsons between the 
relative ion density results given in equation (11) and the above abso- 
lute electron density results. 





were taken at a single magnetic flux density of 1. 

' b-5 w is not determined. The correlation form then 

II 


CONCLUDING REMARKS 


"A steady-state hot-ion plasma has been produced and studied in the 
Lewis SUMMA facility using water-cooled cathodes. Maximum Input power 
was increased by a factor of two relative to values with uncooled cathodes. 
The studies were made over a range in mldplaiie mafjnetic flu>& density from 
0.5 to 3.37 T. ^ 


/Ah 

/: V 


A multiple regression analysis was used to determine the functional 
dependence among the plasma variables current* electrode voltage, mid- 
plane magnetic flux density, gas flow, ion temperature, and relative ion 
density. The ion temperature and relative ion density were measured spec- 
troscopically (the measured ion temperature varied from 18 eV up to 830 eV) 
The most satisfactory correlations were obtained by correlating ion temper- 
ature and relative ion density with current, voltage, and magnetic flux 
density as independent variables, 

J) ■ ■ i. 

A four-t|rm and a multi-term correlation were employed. The four- 
term correlatijon was defined aa a linear relation bej^een l^^^^ 
dependent, yariablfi and the logs or" variables . The four- 

term corrfelation results were compared to previous studies. The multi- 
term correlation included cross terms through the third order. Statis- 
tically insignificant terms in the multi-term correlation were discarded 
using a backward elimination procedure. The multi -term correlation proved 
the more satisfactory of the two, but cross plots of the parameters were 
needed to aid in interpreting the results. ,, 


The crosspiots from the multi-term correlations we^ complicated in 
behavior. However, significant dependences of ion temperature and rela- . 
tive ion density on the dependent variables were noted for certain ranges 
in these variables. In particular, the relative density increased very V 
rapidly with magnetic field and decreased very rapidly with voltage for 
high magnetic fields. It Increased moderately with current at high mag- 
netic fields. The- ion temperature increased with current for high values 
of voltage and low values of magnetic field. After perhaps passing 
through a maximum it decreased with magnetic field. It tended to increase 
with voltage. 


Extrapolation outside the range of data should be restricted to the 
appropriate four-term correlation equations. Multi-term correlations fre- 
quently tend not Vp give valid results outside the range of data. 

Preliminary absolute electron density measurements were obtained at 
two magnetic fields using a Thomson scattering diagnostic. The density 
varied from 2xl0H cm~3 to 6.8xlol2 cm~^ and increased linearly with cur- 
rent. 

These results could not be compared to the relative ion density data 
due to the poor fit of the latter using the four-term correij'tibn. In 


' jui i 


T 
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any case.^the relative Ion density meaaurenente were not spatially re- 
solved as were the electron density's. Thus, different results could be 
obtained between the two if the plasma had a pronounced rndlal variation 
in density profile which was dependent on a variable such as electrode 
voltage. 

The plasma discharge I-V characteristics were studied. Two modes 
were believed present: a low resistance mode and a high resistance mode 

separated by a variable-width unstable region. The ion temperature was 
revealed to scale identically for both regions. A large change in rela- 
tive ion density occurred across the unstable region. 
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APPENDIX - SYMBOLS 



A 

B 

B 

bp-b 

C 

D 

E 

G 

I 


TH 


J 

‘ K 


N 


n 

n 


e 



P 

T 

T 

V 


V 

y 


area of the wide component of = 

midplane magnetic flux density 

vector of -p B 

regression coefficients 

constant to fit data 

generalized dependent variable 

vector electric field strength 

total gas flow rate 

total, -electric current 

total Rayleigh-scattered light intensity 
total Thompson-scattered light intensity 
vector current density 

proportionality constant dependent on total incident radiation 
power, the scattering length, and the scattering solid angle 

ion number density 

/(^Trincipal quantum number 

tVee electron number density 

number density of Rayleigh scatterers 

total gas pressure 

ion temperature 

electron temperature 

electrode voltage 

ion velocity 

distance from line of sight to centerline of test section (see 
fig. 5) 
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a 

0 

A 

c 

a 

n 


characteristic parameter 

// 

scattering angle 

i) 

wavelength of Incident laser radiation 
debye length 
cross section 

solid angle scattered into 


Subscripts : 


I 


0 


calculated from regression equation 
fast 


R Rayleigh 

TH Thomson 

Special symbols ; 


0 


‘J 

average over velocity space 


REFERENCES 


1. J. J. Reinmannji M. C. Swan>on» C. R. NlcholSi S. J. Obloy» !• A, 
Nagy, and F. J. Brady, NASA Superconducting^ Magnetic Mirror 
Facility, Fifth Symposium on Engineering Problema. of Fusion Re*' 
search (Inst. Electrical and Electronics Engra.,iiafw York, 1974), 
pp. 587-591. 


2. J. J. Relnmann, M. R. Lauver, R. W. Patch, S. J. Posts, A. Snyder, 

and G. U. Englert, IEEE Trans. Plasma Scl. , PS-3, 6 (1975). 

3. J. J. Relnmann, R. W. Patch, M. R. Lauver, G. U. Engler^t, and 

A. Snyder, SUMMA Hot- Ion Plasma Heating Research at NASA Lewis Re- 
search CentefV. NASA TM X-71840, (1975). 


4. R. W. Patch and M. R. Lauver, Ion Temperatures In BIP-1 and SUMMA 
from Charge-Exchange Neutral Optical Emission Spectra, NASA TM 
X-73471, (1976). 


5. J. J. Relnmann, M. R. Lauver, R. W. Patch, R. W. Laymah, and 

A. Snyder, Hot Ion Plasma Production in HIP-1 Uslng/Nater-Cooled 
Hollow kathodes, NASA TM X-718S2, (1975). 

6. R. W. Patch, D. E. Voss, J. J. Relnmann, and A. Snyder, Ion and Electron 

Temperatures In the SUMMA Mirror Device by Emission Spectroscopy, 

NASA TM X-71635, (1974). o 


7. 


8 . 


9. 


W. R. Hess, Phys. Lett., 41A, 66 (1972). 



D. R. Slgman, J. J. Relnmann, and M. R. Lauver,' Parametric Stttdy=sf"i:on 
Heating in a Burnout-Type Device (HIP-1) , NASA TM X-3033, (1974). 

G. W. Englert, R. W. Patch, and J. J. Relnmann, Abstract 6D17, Bull. 

Am. Phys. Soc. 20, 1322 (1975). 


10. H. W. Drawln and M. Fumelll, Proc. Phys. Soc., 85, 997 (1965). 

11. Igor Alexeff, personal communication to R. W. Patch (1976). 


12. H. J. Kunze, Plasma Diagnostics, W. Lochte-Holtgreven, ed., (North 

Hollai^ terdam , 1968), p. 550. 

13. Steven M. Sldlk, An Improved Multiple Linear Regression and Data Analysis 

Computer Program Package, NASA TN D-6770, (1972). 

14. N. R. Draper and H. Smith, Applied Regressiun Analysis, (Wiley, New York, 

1966). 

)}■ ■ ‘ 

15. Henry Margenau, The Mathematics of Physics and Chemistry, (Van Nostrand, 

New York, 1956), 2nd ed., p. 8. 

16. Ralph R. Rudder and David R. Bach, J. Opt. Soc. Am., 58, 1260 (1968). 




TABLE I. ~ RANGE OF VARIABLES COVERED IN 435 RUNS 

• o 

FOR ION TEMPERATURE AND GAS FLOW RATE 


Current, 

r, 

A 


Electrode 
voltage , V„ 
kV 


Midplane Number Gas flow rate, 

magnetic of G, 

flux runs > Std cm^/sec 

density , Minimum Maximum Minimum Maximum Minimum | Maximum;) 

T 


1.01 

1.35 


19.5 

i;9.0 



















21 


TABLE II. - RANGE OF VARIABLES COVERED IN 111 BUNS* 
FOR RELATIVE ION DENSITY 


Midplane 

magnetic 

flux 

density , 
B. 

T 

Number 

of 

runs 

" - ■ ■ ■ — 

Gas flow rate, 

G, 

Std cmB/sec 

Current , 

I, 

A 

Electrode 
voltage, V, 
kV 

Minimum 

Maximum 

Minimum 

Maximum 

Minimum 

Maximum 

~~ ‘ ~~n 

0.84 


0.56 

0.76 

0.21 

1.13 


21.6 

1.01 


.60 

.76 

.17 

1.86 


21.4 

1.35 


.47 

.64 

.13 

1.33 


21.4 

1.69 

20 

.45 

.60 

.17 

.72 


19.5 

2.02 

14 

.45 

.45 

.23 

.84 


19.5 




^--56 

- 


. 1.90 

7.0 

19.5 

2.70 

■9 

.44 

.44 

.12 

1.36 

8.2 

17.4 

3.04 


.39 

.44 

.14 

.75 

9.3 

19.0 

3.37 

mm 

.40 

.49 

.10 

1.20 

8.0 

18.5 


d 

Subset of A35 runs of table X. 


TABLE III. - EXPONENTS FOR ION TEMPERATURE DEPENDENCE 
FROM VARIOUS INVESTIGATIONS (SEE EQ. (10)) 


Inves tigation 


Exponent of 
current , 

H 

Exponent of 
voltage, 

^2 

Exponent of 
magnetic flux 
density , 
b3 r 


0.27 

1.53 

-1.05 


.3 

II 

.52 

1.4 

-.8 

i 

1.64 

-1.30 


.33 

1.50 

-.49 
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TABLE IV. - EXPONENTS FOR RELATIVE ION DENSITY DEPENDENCE 


FROM TWO INVESTIGATIONS (SEE EQ. (10)) 




j Investigation 

Exponent of 

Exponent of 

Exponent of ! 


current , 

voltage, 

magnetic flux 


h . 

^2 

density , 


j 


’^3 
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Regression 

coefficient 



Dependent variable 


-0.756418><10'*^ 

; 0.169203x102 

— 

.963319X100 

.359387X101 

-.299303x102 

-.386788x101 

.224142X102 

,288341X101 

-.156171x1q2 

.113962x101 

-.858530x101 



.273670x100 

-.l42072xlol 

ba ! 

j -.103754x101 

.199647X102 

bg 

1 

[ .198407x101 

1 

-.894292X101 

^10 1 

-.145218X101 

.113241X102 

^11 1 

-.720223X1Q0 1 

.128933x101 

bl2 1 


-.231934x101 

^13 ' 

*^14 ; 

.212334x100 

— 

. 


^15 

-.371880x101 

-.966697X101 

1>16 

,115319x102 

^17 

-.329355x100 


^18 


-,493346''10l (X 

big 

.828916x100 


1 



TABLE VI. - R/\NGE OF VARIABLES COVERED IN SET II 
DATA f6r absolute ELECTRON DENSITY 















CENTERLINE B, 
REL UNITS 


CS- 78712 


^MIDPLANE 

/ r-TEST SECTION WALL ,-AUT£ SHiaO 
.•VALITt 

* f 

-rr 



FLOATING 

PLATE 


20 40 60 80 too 120 140 160 180 200 

DISTANCE FROM MIOPLAflE. cm 


Figure 1, - Summa electrode configuration. 
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Figure 3. - Summa cathode a;id end fijnge assembly. 
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Figure 7. - Laser Thomson scattering apparatus schematic. 


RiPRODUCIBILlTr OP TO" 

OfilGDMi, PAGE JS P 


I.O 


RAYlflGH 

SIGNAL 

monitor ' 

SIGNAL 

ARB 

UNITS 


CS-7875a 



0 20 40 60 ao 

NITROGEN PRESSURE. mTORR 



Figure 8. - Rayleigh scattering calibration in dry nitrogen 
using 0.12 SR solid angle viewing lens. 



Figure 9. - Rayleigh scattering caiibnc-tijn in dry nitrogen 
using 0. 007 SR solid angle viewing lens. 


12x10^ 






Figure 13ia). - Graph of 14 term regression equation for ion temperature. 



Figure 131b), - Graph of 14 term regression equation for Ion 
temperature. 
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Figure 15(c). - Graph of 15 term regression eguation for 
relative ion density. 



Figure 16. - Representation of typical current versus 
voltage curves. 
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Figure 18 , -Absolute electron density correlation with 3 terms. 


